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ABSTRACT

The deuterium-tritium (D-T) neutron flux from a Thermo-Fisher™ MP320 neutron generator was
determined experimentally in this study. Fast neutron flux from a neutron generator can be measured
indirectly using multi-foil activation analysis. Two sets of 12 activation foils each were prepared to cover
a broad energy range of fast neutrons (1 — 15 MeV), and spectral peak analysis was performed on each
activated foil with a mechanically-cooled HPGe detector. A non-negative solution of a linear least squares
problem was solved to find a neutron flux energy distribution. The neutron yields of the high-yield (60
1A—90 kV) and low-yield (30 uA—70 kV) settings were determined to be 1.73x108 n/s and 2.28x107 n/s,
respectively. Uncertainties on these neutron yields were estimated using the BC400 scintillator count rates
whose fluctuations throughout the irradiations were described by the standard deviations of 10.6 and
8.5%, respectively. Linear relationships between the MP320’s neutron flux and a BC400 scintillator as
well as a SWENDI-2 neutron dose meter were also derived to utilize them as on-line neutron flux
monitors in the future.
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Determination of the Deuterium-Tritium (D-T)
Generator Neutron Flux using Multi-foil Neutron
Activation Analysis Method

1. MULTI-FOIL ACTIVATION ANALYSIS METHOD

Fast neutron flux from a neutron generator can be measured indirectly using multi-foil activation analysis.
Multiple activation foils are selected to cover a broad energy range of fast neutrons. The half-lives,
isotopic branching ratios and resulting intensities of emitted gamma-rays after activation are essential
factors in selecting what type of foil to activate. If the half-lives of the activated isotopes are too short, not
many activated nuclei survive to the beginning of the counting. Also, intensities (branching ratios) and
energies of characteristic gamma-rays emitted from activated nuclei must be suitable to accumulate
enough net counts above background to be detected during gamma-ray spectroscopy. Once an activation
foil is attached to the surface of a neutron generator, it is exposed to fast neutrons for an irradiation time
of t;,. Then, an energy calibrated HPGe detector with known absolute detection efficiency counts
gamma-rays emitted from the activation foil for a real counting time of t.. A delay time of t,; between the
end of the irradiation and the beginning of the counting is recorded as well. Once the net count N; of a
full energy gamma-ray peak at E; from an activated isotope is obtained from the spectral peak analysis, it

is related to the other measured quantities and the neutron spectrum, @ (E), by
n

Ni =~ Ci XZO'L]'QD]'

=1
n

= A; X ftime X fself X fspec X Z 0;,jP;
=1
(1 — e—ﬂitirr) x e~ Aitd x (1 — e—litc) tlive ] [1 — e—H(Ei)Pixi] 1)
()]
Ai te L(E)pix;

=Al-><

n

x [e(E;) x BR(E;)] X z 0,jPj

j=1

where i = the index number of a gamma-ray peak,

j = the index number of the j*" energy bin (j = 1,---,n),

E; = i gamma-ray’s energy [keV],

N; = the net count of i gamma-ray peak at E; [counts],

A; = the number of isotopes in the activation foil to emit gamma-rays at E; [#],

a;; = the cross section in the j™ energy bin to produce the activated isotopes that emits gamma-rays at E;
[em?],

@; = the discrete neutron flux in the j™ energy bin [n/cm?/s],

€(E;) = an HPGe detector’s absolute detection efficiency for gamma-rays at E;,

BR(E;) = the absolute intensity (branching ratio) of gamma-rays at E; from the activated isotopes,
A; = decay constant of the activated isotopes that emit gamma-rays at E; with BR(E;) [s7],
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t; = irradiation time [s],

t, = delay time between the end of the irradiation and the start of the counting [s]

tiive = live counting time [s],

t. = real counting time [s],

u(E;) = material dependent mass attenuation coefficient as a function of photon of energy E; [cm?/g],
p; = the activation foil’s density [g/cm®], and

x; = target foil’s thickness [cm].

ftime 1S @ time correction factor to take into account decay of the activated isotopes through the
irradiation, transfer and counting and dead time correction. f,r is a correction factor of gamma-ray self-
attenuation in the foil. This factor becomes non-negligible when the foil thickness increases and gamma-
ray energy decreases. fi,ec is a spectroscopic factor to account for the branching ratio and the absolute
detection efficiency. In EQuATION (1), the neutron flux is the only unknown to be solved while all the other
quantities are either known or measured. The neutron flux’s energy resolution (the number of j) is limited
by the number of i although an ill-defined problem might be solved numerically at the cost of uncertainty.
Therefore, it is favorable to include as many characteristic gamma-ray peaks with decent intensities as
possible from multiple activation foils. If m unique gamma-ray peaks (i = 1,2,---,m) are used to find a
n-group neutron spectrum (j = 1, 2,---,n), EQUATION (1) in a matrix form is given by

011 012 O1n-1 O1n 1
N, [%1 % 8 % ] [ 021 022 O2n-1 O2n ] |[ %) ]|
2 | | .
= | [ x X
| | lo o Cm-r O | | )
Np—q l 0 o 0 C J Om-11 9m-12 = Om-1n-1 Im-1n [(pn—lJ
l Ny, J m l Om1  Omp2 Omn-1  Omn J Pn

EQuATION (2) can be solved numerically to find the n-group neutron flux, which requires inversion of a
non-square matrix. There are a few methods to solve this kind of problems with the constraints of non-
negative ¢; values. Non-negative Least Squares (NNLS) or Non-negative Weighted Least Squares
(NNWLS) can be performed in MATLAB® or OCTAVE to solve EQuATION (2) [Mat18, Oct18]. Also, a
solution of EQUATION (2) can be obtained in the Microsoft Excel using the solver add-in as an optimization
problem, but a good initial guess of ¢ vector in EQUATION (2) is required to find a converged realistic
solution, and neutron spectra from similar studies could be used as an initial guess for fast convergence to
a solution.

2. EXPERIMENTS

The deuterium-tritium (D-T) neutron flux from a Thermo-Fisher™ MP320 neutron generator was
determined by the multi-foil activation analysis method described in the previous section. In order to
cover a broad range (1 — 15 MeV) of neutron energies, a fast neutron foils kit (SWX-1551 fast neutron kit
plus a pair of Nb foils) was purchased from Shieldwerx™ [Shil8]. TABLE 1 summarizes some fast neutron
induced reactions with the foils included in this kit. The kit includes two foils per each element as shown
in FIGURE 1, and the foils come in the form of thin 0.5” diameter discs whose thicknesses and sample
masses are summarized in TABLE 2. One exception is that sodium and chlorine activations were done with
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the NaCl compound discs in the kit. Sulfur foils were not used in this experiment as activated sulfur
isotopes are mostly pure B-emitters. Reaction cross sections listed in the TasLe 1 are plotted over a range
of neutron energies from 1 to 15 MeV in FIGURE 2.

An MP320 D-T neutron generator was set up in the south cave of the PINS lab. The generator’s tritium
target plane was located at 91 cm above the concrete floor. The foils were placed inside polyethylene bags
and attached to the surface of the generator centered on the generator’s target plane. The distance between
the foil and the center of the tritium target was measured as 5.08 cm, which is equal to the radius of the
generator around the target plane. Each foil was irradiated for at least 6 hours. During irradiation, a 2.54-
cm x 1.27-cm plastic scintillator was added as an independent neutron flux monitor. It was placed 50 cm
away from the surface of the generator and at 91 cm above the floor. Accumulated neutron spectrum from
BC400 was also saved every hour during the irradiation. The neutron counts in the plastic scintillator
could be calibrated to the neutron flux determined from the activation analysis, and then it could be used
as a real-time stand-alone neutron flux monitor in the future. This procedure was repeated for all 12 foils.
FIGURE 3 and 4 shows schematic diagrams of the irradiation setup, and the actual experimental setup in the
south cave of the PINS lab.

Once irradiation was complete, the foil was transferred to a low-background counting area outside the
irradiation cave where a mechanically cooled HPGe detector collected a passive gamma-ray spectrum for
12 hours or longer. An accumulated gamma-ray spectrum of each foil was saved every hour. Two
identical sets of 12 foils were prepared to be activated under two different generator operation settings.
The first set of 12 foils were irradiated with the generator operated at its maximum setting, 60 nA—90 kV
(high-yield), emitting on the order of 1x10® n/s. The neutron generator was run at 30 pA—70 kV (low-
yield) during the second set of irradiations. This setting was chosen to yield an estimated 1x107 n/s.

TaBLE 3 summarizes each foil’s irradiation, real and live counting and delay times.

3. DATA ANALYSIS

3.1 HPGe absolute detection efficiency

EQUATION (1) requires that an HPGe detector’s absolute full energy peak efficiency should be known as a
function of gamma-ray energy. Therefore, an absolute efficiency function at a fixed counting position
with an ORTEC®’s IDM detector [Ort18] was determined before activating any foils. A newly purchased
mixed calibration source with multiple radioisotopes was used for the efficiency measurements. The
mixed source is a disc of 54 mm in diameter and 3 mm in thickness, and its active source area is 10 mm in
diameter. The mixed calibration source was calibrated on January 1% 2018 by the manufacturer, and its
certificate provided the emission rates of the characteristic gamma-rays at the time of the calibration. For

a gamma-ray full energy peak at E; from a radioisotope k, absolute full energy peak efficiency E(El-) is
calculated by

e(E) = N(E;) _ NED -
(r x ey x L2200 o (e - RO

where N(E;) = net count under the full energy peak at E;,



R(E;) = atotal number of emitted gamma-rays at E; from a radioisotope k,

r; = emission rate of gamma-ray at E; from a radioisotope k at the time of the manufacturer’s calibration
[s],

A, = decay constant of a radioisotope k that emits gamma-rays at E; [d],

At = elapsed time between the manufacturer’s calibration and the beginning of new measurements [d],
t;ive = live counting time [s], and

t. = real counting time [s].

The source was attached to the endcap of the IDMOL detector whose energy calibration was already
conducted at the time of the efficiency measurements. The mixed source emits 12 characteristic gamma-
rays from 9 different radioisotopes to derive a continuous efficiency curve by fitting the data points with a
function given by

4

¢(E) = exp Z a,(In(EY)! @
1=0

11 out of 12 characteristic gamma-rays were used in the analysis as shown in Figure 5. All measured and
calculated quantities for EQUATION (3) are summarized in

Table 4, and the coefficients determined from the fitting with the function in EQuATION (4) are also listed.
Later, all activated foils were counted exactly at the same position of the mixed source where the absolute
efficiency function was derived from.

3.2 Gamma-ray Spectrum Analysis

Spectral peak analysis was performed on a collection of gamma-ray spectra for each foils set. As
discussed in section 2, foils were divided into two sets to be activated under the generator’s different
operation settings, 60 uA—90 kV and 30 uA—70 kV. The IDMO01 was operated to collect a background
spectrum for 12 hours before the activation started. For each collection of gamma-ray spectra from the
activated foils, spectral peak analysis was repeated on the gamma-ray peaks listed in TAsLe 1. Each
gamma-ray peak was fit with a Gaussian function on top of a linear baseline function after the time-
normalized background spectrum was subtracted. FIGURE 6 through FIGURE 17 are gamma-ray spectra
counted by the IDMOL1 after the irradiations under the high-yield setting. The spectra irradiated under the
low-yield setting show the same structures overall, but gamma-ray peaks from the activated radioisotopes
are not visible or much weaker than those from the high-yield setting because the neutron yield was
reduced by an order of magnitude. Therefore, some gamma-ray peaks were not analyzed in the low-yield



setting. Also, it was much easier to analyze gamma-ray peaks from very short-lived radioisotopes in the
first a few hours’ spectra than full 12- or 24-hour spectra. For example, weak gamma-ray peaks from 'S
(Tyz = 303 seconds) and *'Ti (Ti. = 346 seconds) were analyzed using the first hour’s spectra. These
peaks were completely masked by the background in the spectra with the longer counting times. TABLE 5
summarizes results of the spectral analysis performed on the gamma-ray peaks listed in TAsLE 1. The net
counts, N;, and the calculated coefficients, C;, are listed for each D-T generator setting. Each reaction’s
cross-section from 1 to 15 MeV in increments of 1 MeV is tabulated in

Table 6.
3.2.1 Aluminum

Aluminum foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 6 shows the aluminum
spectrum from the 60 uA—90 kV operation and the background spectrum. Naturally occurring Aluminum
consists of 100% 2’Al. 843.76/1014.52 keV peaks from 2’Al(n,p)*’Mg (T2 = 9.458 minutes) [Jak08] and
1368.626/2754.007 keV peaks from 2’Al(n,a)?*Na (T2 = 14.997 hours) [Ochl1l, Rei01, Ger89] were
analyzed to determine the neutron flux. These peaks are easily fit and analyzed as shown in FIGURE 6.
Additionally, 2’Al(n,2n)?Al reaction emits 1808.65 keV gamma-rays with a high branching ratio of 0.998,
but 2°Al’s very long half-life (T1, = 7.17e5 years) and relatively low cross-section excluded this reaction
from the analysis.

3.2.2 Copper

Copper foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 7 shows the copper
spectrum from the 60 pA—90 kV operation and the background spectrum. Naturally occurring copper
consists of 69% =cu and 31% ®Cu. **Cu and ®°Cu have relatively large (n,2n) cross-sections above 9 MeV
that make them ideal for the activation study with D-T neutrons. 511 keV gamma-rays were emitted from
both %3Cu(n,2n)%2Cu (T12, = 9.673 minutes) [Jak08, Gha86] and ®Cu(n,2n)®*Cu (T2, = 12.701 hours)
[Gha86]. This issue could be easily solved by using isotopic ®3Cu or ®Cu foils if available, but elemental
copper foils can be used with an extra step in spectral peak analysis. At the beginning of the counting, 511
keV gamma-ray peak is dominated by ¢cu, but nearly all ©cu dies away after 8 hours due to a very short
half-life of 580 seconds. Therefore, the data from the last four-hours are almost free from the
contributions from the short-lived 62Cu. As a result, 511/1345.77 keV peaks from ®*Cu were analyzed to
derive neutron flux.

3.2.3 Iron

Iron foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 8 shows the iron spectrum
from the 60 nA—90 kV operation and the background spectrum. The 846.76/1810.73/2113.09 keV peaks
from 8Fe(n,p)**Mn (T, = 2.5789 hours) [Bar95] were analyzed to determine the neutron flux. There are
2657.56/2959.92/3369.81 keV peaks reported from the same reaction, but their branching ratios are too
small to be useful. **Fe(n,p)**Mn (T2 = 312.2 days) [Zol13] seems ideal to determine the downscattered
D-T neutron flux thanks to its relatively large cross-section from 3 to 13 MeV, but **Mn’s very long half-
life of 312.2 days make this reaction less useful in this study. Also, *®Fe(n,a)>!Cr reaction is less important
due to 5Cr’s long half-live of 27.7025 days.



3.24 Titanium

Titanium foils were irradiated for 8 hours and then counted for 24 hours. ERROR! REFERENCE SOURCE
NOT FOUND. shows the titanium spectrum from the 60 uA—90 kV operation and the background spectrum.
Reaction products from titanium are mostly long-lived radioisotopes with half-lives over a few days, and
8Ti is probably the best titanium isotope to be used in the activation analysis thanks to its high natural
abundance of 74%. The other titanium isotopes suffer from low abundance of less than 10%. The 159.381
keV peak from #'Ti(n,p)*'Sc (T2 = 3.3492 days) [Voyl7] and 983.526/1037.522/175.361/1312.12 keV
peaks from “Ti(n,p)*Sc (Tw2 = 43.67 hours) were analyzed to determine the neutron flux.

3.25 Indium

Indium foils were irradiated for 8 hours and then counted for 24 hours. FIGURE 10 shows the indium
spectrum from the 60 pA—90 KV operation and the background spectrum. *°In is very promising isotope
especially for the D-T neutron activation analysis because of its high abundance and large (n,2n) cross-
sections above 9 MeV. Also, *°In(n,n’)!*MIn (T, = 4.486 hours) and *°In(n,y)!**MIn (T, = 54.29
minutes) are good indicator for D-D neutrons and neutrons below 1 MeV, respectively, due to their large
cross sections as shown in FIGURE 2. The 558.43/190.27 keV peaks from °In(n,2n)**™In (T2 = 49.51
days) [Men69], 336.241 keV peak from °In(n,n’)!**™In [Och11, Men69], and 1293.56/1097.28 keV peaks
from 5In(n,y)!*"In [Blal0] were analyzed to determine the neutron flux.

3.2.6 Nickel

Nickel foils were irradiated for 8 hours and then counted for 24 hours. FIGURE 11 shows the nickel
spectrum from the 60 pA—90 kV operation and the background spectrum. %Ni(n,p)*Co reaction [Och11,
Bar95] is ideal to determine the downscattered D-T neutron flux thanks to its relatively large cross-
section over a broad energy range from 3 to 13 MeV. Analyzed gamma-ray peaks from nickel foils were
from activation of *Ni whose natural abundance is 68%. 810.7593 keV peak from %8Ni(n,p)**Co (T2 =
70.86 days), 1377.63/1757.55/1919.52 keV peaks from *®Ni(n,2n)*’Ni (T2 = 35.6 hours) [Bar95], and
122.0607/136.4736 keV peaks from *8Ni(n,np or d)*’Co (Tw, = 271.74 days) [Plo02] were analyzed to
determine the neutron flux.

3.2.7 Sodium Chloride

Sodium Chloride foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 12 shows the
sodium chloride spectrum from the 60 pA—90 kV operation and the background spectrum. No reaction
products on #Na were identified to yield gamma-ray peaks suitable for the activation analysis in this
study. Naturally occurring chlorine consists of 76% **Cl and 24% *'Cl. The 146.36 keV peak from
CI(n,2n)*™Cl (T2 = 32 seconds) [Fes00] and the 3103.37 keV peak from 3’Cl(n,p)%¥S (T2 = 5.05
minutes) [Fes00] were analyzed to determine the neutron flux. It should be noted that only the first hour
of data were used to analyze the 3103.37 keV peak from *’S whose half-life is merely 303 seconds. This
peak was also found to have poor counting statistics due to low detection efficiency.

3.2.8 Vanadium

Vanadium foils were irradiated for 8 hours and then counted for 24 hours. FIGURE 13 shows the vanadium
spectrum from the 60 pA—90 kV operation and the background spectrum. The 320.076 keV peak from
IV (n,p)°tTi (Tyz = 5.76 minutes) [Rei01, Fes00] and 983.526/1312.12/1037.522 keV peaks from
SV/(n,0)*8Sc (T12 = 43.67 hours) [Rei01] were analyzed to determine the neutron flux. It should be noted
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that the first hour of data were used to analyze the 320.076 keV peak from Ti whose half-life is only 346
seconds.

3.29 Zinc

Zinc foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 14 shows the zinc spectrum
from the 60 pA—90 kV operation and the background spectrum. The 669.62 keV peak from
84Zn(n,2n)®%Zn (T1. = 38.47 minutes) [Bhal3, Voy17] and 438.634 keV peak from "°Zn(n,2n) #™Zn (T, =
13.756 hours) [Kel06] were analyzed to determine the neutron flux. %Zn has relatively large (n,2n) cross-
section above 9 MeV, but its low abundance of 28% and long half-life of 243.93 days prevented this
isotope from being used in this study.

3.2.10 Magnesium

Magnesium foils were irradiated for 6 hours and then counted for 12 hours. FIGURE 15 shows the
magnesium spectrum from the 60 pA—-90 kV operation and the background spectrum. The
1368.626/2754.007 keV peaks from 2Mg(n,p)**Na (Ty2 = 14.997 hours) [Ger89] were analyzed to
determine the neutron flux.

3.2.11 Zirconium

Zirconium foils were irradiated for 8 hours and then counted for 24 hours. FIGURE 16 shows the zirconium
spectrum from the 60 uA—90 kV operation and the background spectrum. The 202.53/479.51 keV peaks
from *°0Zr(n,p)*®"Y (T12 = 3.19 hours) [Mar90] and 909.15 keV peak from 0Zr(n,2n)®Zr (T, = 78.41
hours) [Och11, Bar95] were analyzed to determine the neutron flux. *°Zr is a suitable for the D-T neutron
activation analysis because of its large (n,2n) cross-section above 9 MeV and its natural abundance of
51.45%.

3.2.12 Niobium

Niobium foils were irradiated for 8 hours and then counted for 24 hours. FIGURE 17 shows the niobium
spectrum from the 60 pA—90 kV operation and the background spectrum. The 202.53/479.51 keV peaks
from ®Nb(n,a)®™Y (T2 = 3.19 hours) [Hon10] and 934.44 keV peak from **Nb(n,2n)*?™Nb (T, = 10.15
days) [Och11] were analyzed to determine the neutron flux. ®Nb is an ideal isotope especially for the D-T
neutron activation analysis because of its 100% abundance and large (n,2n) cross-section above 9 MeV.

3.3 Neutron flux
EQUATION (2) can be re-written to EQuATION (5) after combining the cross-sections with the coefficients.
N=Cop=X-p ©)

When all quantities except the neutron flux were either measured or calculated, a built-in NNLS function
in OCTAVE was used to find to solve EquaTion (5) to find a solution, ¢. In order to use NNWLS,
EQuATION (5) must be modified further to include the weight matrix and a new equation is given by

N'=VWN=VWX-9=X"-¢ (6)

where W is the diagonal matrix of weights whose element w; is equal to the reciprocal of the variance of
the measured quantity N;. Then, the NNLS function in OCTAVE was applied to the modified N" and X'.
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FIGURE 18 shows the solved neutron fluxes for two generator settings, respectively. The determined
neutron fluxes are peaked around 14 MeV as expected, and low energy room-return neutrons are present
unlike a simulated neutron flux. Interestingly, there is another minor peak around 5-6 MeV whose origin
is not clear. It is speculated that these neutrons could be the downscattered D-T neutrons off from certain
structural components in the generator. However, this explanation is not strongly supported by other
studies that have performed detailed Monte Carlo simulations. In FIGURe 19, simulated neutron fluxes
from the same MP320 D-T generator are shown for comparison. Alexa and Uhlat conducted a MCNP
simulation study of the MP320 generator, but no significant contributions from neutrons around 5-6 MeV
were reported [Alel3]. More recently, Remetti et al. performed very sophisticated and realistic MCNP
simulations of the same generator [Rem17], and their results are in good agreement with those from
Alexa and Uhlaf. These simulation results show that there are minor contributions from neutrons over the
mid-energy range, but experimental multi-foil activation analysis coupled to numerical methods is not
sensitive enough to neutrons of such minor contributions. Therefore, it is more likely that these peaks
were numerically introduced to minimize least squares over a broad energy range from 2 to 13 MeV.
Finally, a neutron yield of 14.1 MeV neutrons, Y, was calculated using the summed neutron flux above 13
MeV for each generator setting. The sum of neutron flux over 13 MeV was multiplied by the entire solid
angle at 5.08 cm, the distance of the foils from the center of the generator. The neutron yields of the high-
yield and low-yield settings were determined to be 1.73x10% n/s and 2.28x107 n/s, respectively.
Uncertainties on these neutron yields were estimated using the BC400 count rates whose fluctuations
throughout the irradiations were described by the standard deviations of 10.6 and 8.5%, respectively. Two
previous studies have derived empirical formulae to predict the neutron yield as functions of the
generator’s current-voltage setting. Alexa and Uhlaf suggested a simple equation by

¥ [n/s] = 7060 x D x (I - %) X (V — 40)3/2 ™

where D is the duty factor, I is the current in pA, and V is the voltage in kV. The neutron yields of the
high-yield and low-yield settings (D = 1.0) using EQUATION (7) were determined to be 1.44x108 n/s and
3.28x107 n/s, respectively. Remetti et al. has suggested their own formulae as functions of voltage for 20,
40 and 60 pA, respectively, given by

—98.91 X V3 + 47970 X V2 — 2.960x10° X V + 5.371x107, I =40uA (8)

194.6 X V3 — 20990 x V2 + 1.126x10° x V — 2.121x107, I =20uA
Y [n/s] =
—148.4 x V3 4+ 71960 X V? — 4.439x10° x V + 8.056x107, I =60uA

The neutron yield of the high-yield setting from EquATioN (8) was calculated to be 1.56x108 n/s while the
neutron yield of the low-yield setting was interpolated to be 3.46x107 n/s. Neutron yields from EQUATION
(8) are subject to about 25% uncertainties according to the authors. FIGURE 20 and FIGURE 21 compares the
neutron yields determined in this study to those from references. The neutron yield for the 60 nA—90 kV
setting in this study is slightly higher than the references although they are all within each other’s
uncertainty. However, the neutron yield for the 30 pnA—70 kV setting in this study is noticeably lower than
the references. In FIGURE 21, it is shown that the neutron yield for 30 pA—70 kV setting in this study is in
better agreement with those at 20 uA—70 kV setting predicted by the references.



Table 7. Summary of neutron yields. Neutron yields are given in the unit of n/s. summarizes the estimated
neutrons yields for voltages from 40 kV to 100 kV and currents from 20 pA to 60 pA, using EQUATION (7)
and (8), respectively. The neutron yields determined in this study are also shown in the last two columns
of

Table 7. Summary of neutron yields. Neutron yields are given in the unit of n/s. for comparison.

3.4 BC400 plastic scintillator

A Bicron® BC400 [Sail8] scintillation detector shown in FIGURE 22 was used as an independent neutron
flux monitor during irradiations. Its position has remained at the same location specified in FIGURE 3, and
its accumulated spectrum was saved every hour to create a time series of the hourly count rates. A typical
neutron spectrum from an irradiation along with the background spectrum are shown in FIGURE 23. The
generator was turned off to collect the background spectrum, and only natural gamma-rays and neutrons
contributed to the recorded counts. Neutrons from the generator dominate the spectrum when the
generator is turned on to activate foils, but high-energy gamma-rays from neutron-induced reactions must
be taken into account. However, counts in the shaded region (labelled as “nROI”’) in FIGURE 23 are most
likely from 14.1 MeV neutrons although minor contributions from high-energy gamma-rays are still
present as background counts. A prior research suggested that a region above natural background in the
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BC400 spectra should be used to monitor neutron flux as counts in this region are insensitive to any
gamma-rays induced by 14.1 MeV neutrons [Mit08]. Therefore, a neutron region of interest (nROI) was
set up to integrate the hourly 14.1 MeV neutron count rate. The scintillator was not energy calibrated for
this study so that the x-axis unit in FIGURE 23 is given in keV electron equivalent [keVee] from the MCA’s
stored settings for gamma-rays. Therefore, it should be noted that the energy range of the nROI from
1132 to 1248 keVee in this study is for indicative purposes only, not for true neutron energies. The
average hourly count rate within the nROI was recorded for each foil’s 6- or 8-hour irradiation, and a time
series over a two-month period is shown in FIGURE 24. Also, a 65-hour continuous operation of the same
generator was performed at the end of the experiments. The average nROI count rates for two generator
settings were 1.36x10° nROI counts/hour and 1.34x10* nROI counts/hour, respectively. There was
noticeable decreases in hourly count rates for the high-yield setting, and the standard deviation of the
observed count rates was found to be 10.6% of the average value. For the low-yield setting, the standard
deviation was about 8.5% of the average. These decreases in the count rates were used to estimate the
uncertainties of the determined neutron yields as described in SECTION NEUTRON flux. Eventually, this
BC400 scintillator can be used as a neutron yield monitor for D-T neutron generators in the future. A
correlation function between nROI hourly count rates and MP320 D-T neutron yields was derived from
the first-order approximation and is given by

Y [n/s] = 1.23x103 x nROI [counts/hr] + 5.85x10 ©)

However, it is important to understand that EQuATION (9) is not universal to be applied to any combination
of a BC400 and neutron generator. This equation is valid only when a BC400 is calibrated to perform
identically to the one used in this study and its distance from a D-T generator is the same as shown in
FIGURE 3.

3.5 SWENDI-2

As another candidate for a neutron yield monitor, a SWENDI-2 [OIs00, Thel8] neutron dose meter was
used to derive a correlation function between its dose rates and neutron yields as shown in FIGURE 25. The
SWENDI-2 was vertically centered at the same height of the generator’s target plane (91 cm above the
floor) and 100 cm distant from the surface of the generator. The measurements were repeated for 88
different generator settings: voltage was varied from 40 kV to 90 kV in increments of 5 kV while current
was varied from 25 pA to 60 pA in increments of 5 pA. Ten 30-second dose rate readings were collected
for each generator setting. Then, these ten readings were averaged to be a nominal value for each setting
as summarized in TABLE 8. A graph of dose rate readings summarized in TABLE 8 is shown in FIGURE 26. A
correlation function between dose readings and MP320 D-T neutron yields was derived from the first-
order approximation and is given by

Y [n/s] = 1.11x10° X Dose rate[mrem/hr] + 7.19x10° (10)
As with the BC400 scintillator, it should be noted that EQuATion (10) is only valid when a SWENDI-2 is
calibrated to perform identically to the one used in this study and its distance from any MP320 D-T
generator is set at 100 cm.

10



4. Discussion and Conclusion

Multi-foil activation analysis method was applied to determine the D-T neutron yield from a Thermo-
Fisher™ MP320 neutron generator. Two sets of 12 foils each were activated under the generator’s two
operation settings, respectively. For the high-yield setting (60 uA—90 kV), the neutron yield of 1.73x108
n/s was determined by spectral peak analysis coupled to the weighted least squares method with non-
negativity constraints. This neutron yield is about 10% higher than those from two previous studies on the
same neutron generator model, but they are within error bars. This procedure was repeated for the second
foil set, activated at 30 pA—70 kV, resulting in a determined neutron yield of 2.28x107 n/s, about 30%
lower than predicted by the previous studies.

It is concerning that the monitored neutron yields from the BC400 were gradually decreasing with the
standard deviation of as much as 10.6% at 60 nA—90 kV, but this setting is near the maximum operating
condition suggested by the manufacturer, and it is expected that less than 10% standard deviation in the
neutron yields would be observed under typical operating conditions. Also, it is possible that this issue
might be actually related to the BC400 scintillator and the nROI approach.

It is interesting that there are not many studies that have characterized the MP320 D-T generator although
this model is commonly used in many applications as a Commercial off-the-shelf (COTS) or Government
off-the-shelf product (GOTS). This study was intended to determine the D-T neutron yield coming from a
MP320 D-T generator, but it is speculated that further studies involving modeling and simulation could
provide valuable information to the nuclear science community.
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Table 1. A list of fast neutron induced reactions with signature gamma-rays to be analyzed.

Isotope Abur;danc Aburﬁjance Reaction T[;f A [ST]uz E*{k[g\i]\/] [Akeli‘}/] BR A BR
Al 100.000 0.000 ZAl(n,p)* Mg 567.48 0.72 843.76 0.1 0.718 0.0002
Al 100.000 0.000 ZAl(n,p)* Mg 567.48 0.72 1014.52 0.1 0.28 0.0002
Al 100.000 0.000 ZTAl(n,a)**Na 53989.2 43.2 1368.626 0.005 0.999936  0.000015
Al 100.000 0.000 ZTAl(n,a)**Na 53989.2 43.2 2754.007 0.011 0.99855 0.00005
8Cu 69.150 0.150 3Cu(n,2n)%Cu 580.38 0.48 511 - 1.9566 0.0005
%Cu 30.850 0.309 8Cu(n,2n)%Cu 45723.6 7.2 511 - 0.352 0.004
%Cu 30.850 0.309 8Cu(n,2n)%Cu 45723.6 7.2 1345.77 0.06 0.00475 0.00011
Fe 91.754 0.036 5Fe(n,p)*Mn 9284.04 0.36 846.7638 0.0019 0.9885 -
Fe 91.754 0.036 5Fe(n,p)*Mn 9284.04 0.36 1810.726 0.004 0.269 0.004
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SFe 91.754 0.036 56Fe(n,p)*Mn 9284.04 036 2113092  0.006 0.142 0.003
i 7.440 0.020 “Ti(n,p)""Sc 289370.9 5184 159381  0.015 0.683 0.004
“Ti 73.720 0.030 “Ti(n,p)*Sc 157212 324 983526  0.012 1.001 0.006
“Ti 73.720 0.030 “Ti(n,p)*Sc 157212 324 1037522 0.012 0.976 0.007
“Ti 73.720 0.030 “Ti(n,p)*Sc 157212 324 175361 0005  0.0748 0.001
“Ti 73.720 0.030 “Ti(n,p)*Sc 157212 324 131212 0012 1.001 0.007
5 95.710 0.050 15]n(n,2n)™ "I 4277664 8640 558.43 0.03 0.044 0.006
5 95.710 0.050 18]n(n,2n) "I 4277664 8640 190.27 0.03 01556  0.0015
5 95.710 0.050 5[ (n,n") 5" 16149.6 14.4 336.241  0.025 0.459 0.001
5 95.710 0.050 5[n(n,y)"*In 3257.4 10.2 129356 0.02 0.848 0.012
5 95.710 0.050 U5[n(n,y)"*In 3257.4 10.2 1097.28 0.02 0.585 0.008
i 68.070 0.009 %Ni(n,p)*Co 6122304 5184 8107593 0002  0.9945 -
i 68.000 0.009 %Ni(n,2n)*'Ni 128160 216 1377.63 0.03 0.817 0.024
i 68.000 0.009 %Ni(n,2n)*'Ni 128160 216 175755 0.03 0.0575 0.002
i 68.000 0.009 %Ni(n,2n)*'Ni 128160 216 191952 0.05 0.123 0.004
i 68.000 0.008 ®Ni(ndornp)”Co 23478336 12096 1220607 0.00012  0.856 0.0017
i 68.000 0.008 ®Ni(ndornp)”Co 23478336 12096  136.4736 000029  0.1068  0.0008
=Cl 75.760 0.100 %CI(n,2n)*"Cl 1920 24 146.36 0.03 0.383 0.005
siC] 24.240 0.100 CI(n,p)*'S 303 120 3103.37 0.02 0.939 -
sy 99.750 0.002 51V/(n,p)°Ti 345.6 0.6 320076 0.006 0.931 -
sy 99.750 0.002 51\/(n,a)®Sc 157212 324 983526  0.012 1.001 0.006
sy 99.750 0.002 51\/(n,a)®Sc 157212 324 131212 0012 1.001 0.007
sy 99.750 0.002 51\/(n,a)®Sc 157212 324 1037522 0.012 0.976 0.007
5Zn 49.170 0.750 57n(n,2n)®Zn 2308.2 3 669.62 0.05 0.082 -
Zn 0610 0.100 Zn(n,2n)®"Zn 495216 64.8 438634 0018 09485  0.0007
2iMg 78.990 0.040 2Mg(n,p)*Na 53989.2 432 1368626 0005  0.999936  0.000015
2iMg 78.990 0.040 2Mg(n,p)*Na 53989.2 432 2754007 0011  0.99855  0.00005
0Zy 51.450 0.400 07r(n,2n)%Zr 282276 432 909.15 015 0.9904 -
0zy 51.450 0.400 0Zr(n,p)* Y 11484 216 479,51 0.05 0.9074 0.004
0Zy 51.450 0.400 0Zr(n,p)* Y 11484 216 202.53 0.03 0973 0.004
%Np 100.000 0.000 %Nb(n,2n)**"Nb 876960 1728 934.44 0.1 0.9915 -
%Np 100.000 0.000 %Nb(n,a)*"Y 11484 216 202.53 0.03 0973 0.004
%Np 100.000 0.000 %Nb(n,a)*"Y 11484 216 479,51 0.05 09074 0.0005
Table 2. Specifications of the foils in the Kit.
Set #1 Set #2
El (60 nA—90 kV high-yield) (30 pA—70 kV low-yield) Diameter Density
ement . - ; 5
Thickness Sample mass Thickness Sample mass [inch] [g/cm?]
[cm] [a] [cm] [a]
Al 0.0127 0.0406 0.0127 0.0415 05 2.70
Cu 0.0127 0.1406 0.0127 0.1436 05 8.96
Fe 0.0127 0.1349 0.0127 0.1335 05 7.87
Ti 0.0254 0.1447 0.0254 0.1423 05 4,54
In 0.0127 0.1167 0.0127 0.1082 05 7.31
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Ni 0.0254 0.2818 0.0254 0.2812 0.5 8.90
Na + Cl 0.1905 0.4877 0.1905 0.4806 0.5 2.16
\Y 0.0051 0.0433 0.0051 0.0423 0.5 6.11
Zn 0.0254 0.2324 0.0254 0.2319 0.5 7.13
Mg 0.0127 0.0286 0.0127 0.0285 0.5 1.74
Zr 0.0127 0.1116 0.0127 0.1112 0.5 6.51
Nb 0.0254 0.2740 0.0254 0.2728 0.5 8.57

Table 3. Summary of Irradiation, real and live counting and delay times.

Set #1 (60 tA—90 KV high-yield)

Set #2 (30 pA—70 kV low-yield)

Foil

tlive

Lirr [s] tc [s] [S] ta [s] Lirr [s] tc [s] Liive [s] ta [s]
Al 21600 43590 43200 36 21600 43592 43200 36
Cu 21600 43577 43200 36 21600 43571 43200 39
Fe 21600 43587 43200 40 21600 43588 43200 40
Ti 28800 87165 86400 40 28800 87174 86400 36
In 28800 87156 86400 45 28800 87207 86400 42
Ni 28800 87196 86400 40 28800 87147 86400 38
Na+Cl 21600 43604 43200 37 21600 43608 43200 38
V 28800 87163 86400 43 28800 87219 86400 35
Zn 21600 43589 43200 44 21600 43577 43200 44
Mg 21600 43584 43200 40 21600 43586 43200 14
Zr 28800 87243 86400 35 28800 87190 86400 40
Nb 28800 87191 86400 59 28800 87165 86400 40
Table 4. Summary of the measurements to derive an absolute full energy peak efficiency function.
li
Radioisotope Ei [keV] T [days] (calibrated R(E) N(E) N(E)/R(Ei)
as of 1/1/18)
241Am 59.5 1.580E+05 1.250E+03 2.907E+07 4.169E+06 1.434E-01
15Cd 88 4.614E+02 6.010E+02 1.334E+07 2.459E+06 1.843E-01
5Co 122.1 2.717E+02 5.060E+02 1.087E+07 2.172E+06 1.998E-01
139Ce 165.9 1.376E+02 5.850E+02 1.163E+07 1.968E+06 1.692E-01
203Hg 279 4.661E+01 1.190E+03 1.742E+07 2.009E+06 1.154E-01
1133n 391.7 1.151E+02 1.620E+03 3.124E+07 2.644E+06 8.465E-02
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187Cs 661.7 1.099E+04 2.430E+03 5.642E+07 2.954E+06 5.235E-02

8y 898 1.066E+02 5.080E+03 9.650E+07 3.323E+06 3.444E-02
8Co 1173.2 1.925E+03 3.350E+03 7.706E+07 2.062E+06 2.675E-02
8Co 1332.5 1.925E+03 3.360E+03 7.729E+07 1.814E+06 2.346E-02
8y 1836.1 1.066E+02 5.370E+03 1.020E+08 1.798E+06 1.763E-02

tc 28123 s

tiive 23263 s

At 31 days (efficiency measurements were done on 2/1/2018)

ao -25.43710

a 12.79550

a -2.22297

as 0.12811

as -0.00112

Table 5. Summary of net count (N;) from peak analysis and calculated coefficient (C;) for each gamma-
ray peak. Some gamma-ray peaks in the set #2 were not analyzed due to low counting statistics, and these
peaks were not taken into account in determination of the neutron flux. m = 41 for the set #1 and m = 35
for the set #2 in Equation ((2).

Set #1 (60 uA—90 kV high-yield) Set #2 (30 pA—70 kV low-yield)

Reaction E, [keV] N C N C,
7TAI(N,p)7Mg 843.76 936 1.909E+22 166 1.951E+22
' 1014.52 214 6.107E+21
7AI(n,)*Na 1368.63 14978 1.661E+23 1465 1.698E+23
’ 2754.01 7203 9.640E+22 665 9.854E+22
sscu(n 2n)cy 511.00 10051 2.190E+22 915 2.237E+22
' 1345.77 150 4.000E+20
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846.76 35424 5.050E+23 4198 4.997E+23
S5Fe(,p)*Mn 1810.73 4170 6.500E+22 452 6.433E+22
2113.09 1854 3.041E+22 148 3.010E+22
Ti(n,p)“'sc 159.38 9522 8.246E+22 881 8.109E+22
983.53 10688 3.673E+23 698 3.612E+23
. 1037.52 9259 3.384E+23 932 3.328E+23
' 175.36 3148 1.236E+23 885 1.216E+23
1312.12 7734 2.734E+23 785 2.689E+23
558.43 577 6.102E+20 449 5.657E+20
“in(n.2n)in 190.27 4876 5.656E+21 3283 5.244E+21
1551 (n,n”) 157N 336.24 29145 4.283E+23 4412 3.970E+23
— 129356 1337 5.524E+22 216 5.123E+22
¥ 1097.28 934 4.502E+22 152 4.175E+22
sNi(n,p)*Co 810.76 4604 2.148E+22 3977 2.144E+22

1377.63 4280 3.611E+23

SNi(N,2N)Ni 1757.55 152 2.040E+22
1919.52 795 4.060E+22 22 4.052E+22
eNi(n Ay (D) Co 122.06 9580 2.254E+22 9342 2.249E+22
' : 136.47 1344 2.750E+21 3115 2.744E+21
CI(n,2n)*"Cl 146.36 1890 6.875E+23 54 6.770E+23
Ci(n,p)7's 310337 65 5.672E+21 8 5.572E+21

siy(n,p)*Ti 320.08 443 2.250E+22
983.53 1062 1.401E+23 101 1.368E+23
s1y/(n, 01)*Sc 1312.12 584 1.042E+23 189 1.018E+23
1037.52 715 1.291E+23 45 1.261E+23

%7n(n,2n)%Zn 669.62 717 1.360E+22
0Zn(n,2n)*"Zn 438.63 3169 7.977E+21 620 7.960E+21
arg(np)N 1368.63 5686 1.026E+23 1234 1.023E+23
9(n,p)"Na 2754.01 2862 5.956E+22 701 5.937E+22
%7r(n,2n)*zr 909.15 31177 6.937E+22 6252 6.913E+22
47951 1979 3.011E+23 535 3.215E+23

90 90m
Al 20253 4936 7.437E+23 254 7.413E+23
=Nb(N,2N)*"Nb 934.44 38745 1.114E+23 8132 1.109E+23
202,53 8980 3.427E+24 1382 3.417E+24
93Nb(n’a)90mY

47951 3993 1.501E+24 970 1.496E+24

Table 6. Neutron induced reaction cross-sections from 1 to 15 MeV. n is equal to 15 in Equation ((2)
where m is required to be larger than n. Cross-sections are presented in the unit of barns [102*cm?].

Neutron energy [MeV]

Reaction
1.0

2.0

3.0 4.0

5.0 6.0

7.0 8.0 9.0

10.0

11.0

12.0

13.0 | 140 | 150

0.00E+0

27A|(n,p)27Mg 0

8.69E-08

1.08E-03/6.03E-03

1.93E-02|4.70E-02

5.69E-02|7.41E-02|8.15E-02

9.11E-02

8.81E-02

8.46E-02

8.11E-02(7.31E-02|6.52E-02

0.00E+0

27Al(n,a)**Na 0

0.00E+0
0

0.00E+0

0 3.78E-13

1.34E-05|1.39E-03

1.72E-02|4.10E-02(7.14E-02

8.92E-02

1.07E-01

1.18E-01

1.25E-01|1.23E-01{1.09E-01

0.00E+0

8Cu(n,2n)®Cu 0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

0.00E+0
0

1.22E-01

4.13E-01

6.65E-01|8.37E-01(9.39E-01

0.00E+0

6Fe(n,p)**Mn 0

0.00E+0
0

3.46E-11(5.24E-06

9.98E-04|1.34E-02

3.04E-02|4.62E-02(6.07E-02

7.30E-02

8.77E-02

1.04E-01

1.15E-01|1.14E-01|1.03E-01

4Ti(n,p)*Sc  |4.10E-04

9.69E-03

3.13E-02(5.61E-02

8.30E-02(1.05E-01

1.21E-01|1.32E-01(1.37E-01

1.42E-01

1.46E-01

1.48E-01

1.51E-01|1.46E-01(1.34E-01

0.00E+0
0

48Ti(n,p)*Sc

0.00E+0
0

0.00E+0

0 1.61E-08

1.04E-04|2.07E-03

8.33E-03|1.70E-02(2.66E-02

3.55E-02

4.31E-02

4.95E-02

5.34E-02|5.90E-02(6.18E-02
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51n(n,y)" 5N (1.83E-01(1.24E-01(5.44E-022.46E-02|1.32E-02(6.29E-03(3.34E-03|2.23E-03(1.56E-03|1.14E-03|1.00E-03(8.96E-04/9.32E-04(9.68E-04|1.00E-03
S8Nji(n,p)®Co |7.98E-04(3.80E-02|1.86E-01(3.63E-01[5.10E-01[5.94E-01|6.23E-01(6.30E-01|6.36E-01(6.30E-01[6.07E-01|5.66E-01|4.74E-013.54E-01 2. 50E-01
SoNigrnTNi |0 00E0] 0-00E%0 [00UE 0|0 00E=0/0.00E+0 [00UE 0|0 00E0]0.00E+0 [0.00E+0  D00ED 0:00ESG [ 0UERO s o1 o5l 57 ool 2502
58:;;&9@(? 0.005+010.005+010.00%+0 0.00+0)0.00540 | 0.00+01 76.10{4.19E-061.46E-04{6.14E-03(8.13-02[2.37E-01{4.19E-01(5.69E-01|6.82E-01
55Cl(nznynC |©-00E+0[ O-00E+0 [D00ED|0:00E+0 0.00E+0] D.00E D 0:00E+  0.0E+0 [0 00E 0 G.00E+0[ C.00E+0 [0 0UERO[GO0ES0, e gl 1600
eI mpys | *0% 0| 000501000540 0.00E+01, 6o 04)6.03E-04|4.59E-03(0.72E-03[1.31E-02|1.85E-02]2. 29E-022 44E-02{2.42E-02[2.40E-02]2. 10E-02
(npTi |95+ |a.34E-14[3.86E-05(1.03E-03(3.00E-03[5.64E-03(9.06E-03]1 30E-02|1.72E-022.15E-02|2 S4E-02]2 B4E-02[3.06E-02[3. 10E-02[3.01E-02
sty (nayse | *0%5+0|000E+0l gog 1/4.19E-13]1.04E-08[3.48E-06(9.69E-058.47E-04[2.92E-03(5.37E-037 57E-03(0.99E-03(1. 27E-02|1.49E-02]1.75E-02
“4Zn(nan*Zn | /O0E+0]0-00E<0]0.00E+0 [0 00E=0[ 000E<0]0.00E+0]0.00E+0 [0 00E=0[ C00E<0[0.00E+0 [0 00E#0 [000ES0), g s o711 gae-o1.
0Zn(n,20)**"Zn O'O%E+° O'O%E+° O'O%E+° 0'0%E+0 O'O%E+° O'O%E+° O'O%E+° O'O%E+° °'°%E+° 2.50E-02|2.72E-01|4.82E-016.06E-01[6.76E-01(7.26E-01
2Mg(n,p)**Na °'°%E+° °'°%E+° °'°%E+° °'°%E+° 2.10E-05|3.50E-03|4.40E-02|1.13E-01|1.21E-01|1.48E-01[1.70E-01{1.90E-01[1.98E-01(1.97E-01|1.78E-01
0Z1(n2ny2r | -00E+0 | 00UE+0|G00E+0/0.00E+0 [000E-0 G 00E+0]0.00E+0 [0.0E+0  D.00E 0 0.00E+  000E+0 0 00E X0, yoe 011 15 17 228 01
0zrpymy | ©00=0| 005+, 748 0716.21-07|1.93E-05[2.42E-04[8. 30E-041. 86E-03(3.26E-03(4.87E-03(6.71E-038.66E-03[1.06E-02[1. 20E-02|1. 27E-02
g 2ny#2mp | O-00E+0 [000E0[0.00E+0] D.00E+0| 0.00E+0 | B.00E+0 00E0G.00E+0 [ 000E¥0 y o7 1 a1 o0 ot . 42€-01]a 590t 60E- 01
BNb(na)®™Y  [2.33E-07|1.44E-06|9.06E-06|3.90E-05|1.27E-04(3.23E-04 6. 56E-04|1.17E-03|1. 74E-03|2.46E-03(3.30E-03|4. 17E-03(4.98E-03(5.60E-03(5.80E-03

Table 7. Summary of neutron yields. Neutron yields are given in the unit of n/s.
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Remetti et al. (2017) Alexa and Uhlaf (2013) PINS (2018)
V\I  20pA 40 pA 60 pA 20 pA 40 pA 60 pA 30 pA 60 HA
40KV  2.70E+06 5.73E+06 8.64E+06  0.00E+00 0.00E+00 0.00E-+00
50kV  6.94E+06 1.33E+07 2.00E+07  4.19E+06 8.65E+06 1.31E+07
60KV  128E+07 274E+07 4.12E+07  1.17E+07 2.43E+07 3.69E+07
70kV  2.15E+07 4.76E+07 7.15E+07  2.12E+07 4.44E+07 6.76E+07  2.28E+07
80KV 3.42E+07 7.33E+07 1.10E+08  3.21E+07 6.79E+07 1.04E+08
90kV  5.20E+07 1.04E+08 156E+08  4.43E+07 9.42E+07 1.44E+08 1.73E+08

100kV 7.61E+07 1.39E+08 2.08E+08  5.74E+07 123E+08 1.89E+08

Table 8. Average of ten 30-second dose rate readings for each generator setting. Dose rates are given in

the unit of mrem/hr.

V\I 60 A 55uA 50uA 45uA 40uA 35UA 30uA 25 pA
90 kv 1555 141.2 122.8 101.1 66.6 415 29.6 21.6
85 kV 128.2 117.3 104.6 88.6 64.2 39.8 25.9 19.0
80 kv 104.0 93.8 85.2 74.9 57.9 38.7 25.9 16.0
75 kV 83.5 77.0 69.2 61.4 49.1 36.5 211 13.0
70 kv 64.6 60.1 53.8 48.3 40.9 31.9 19.9 11.0
65 kV 49.4 45.6 41.2 36.5 31.9 26.1 18.3 9.9
60 kv 35.7 33.3 30.1 27.0 23.7 20.3 15.2 9.1
55 kV 255 23.6 21.3 19.1 16.8 144 11.7 7.8
50 kv 17.2 16.0 14.4 13.1 114 9.8 8.4 6.1
45 kV 11.0 10.0 9.4 8.5 7.4 6.5 54 4.4
40 kV 6.4 6.1 5.6 5.0 4.4 3.9 3.3 2.7
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Figure 1. The Foils included in the kit from Shieldwerx™. The kit comes with two foils of Al, Cu, Fe,
Mg, NaCl, Nb, Ni, Ti, V, Zn and Zr each. Sulfur foils were not used in this study due to the lack of
gamma-rays. Each foil’s thickness and mass were measured and labelled by the manufacturer. The first
set of 12 foils was activated by the generator operated at 30 pnA—70 kV while the second set of the
remaining 12 foils was irradiated at 60 pA—90 kV.
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Figure 2. Neutron induced reaction cross sections for the isotopes included in the foil Kit.
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Figure 3. Schematic diagrams of the experimental setup in the PINS lab (not drawn to scale)
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Figure 4. Experimental setups in the PINS lab. (Top left) two ORTEC® HPGe detectors (IDMO01 and
IDMO02) at the counting station. (Top right) an MP320 generator and a BC400 scintillator. (Bottom left)
the IDMOL1 is being used to collect data from a calibration source. (Bottom right) a typical BC400
spectrum while a neutron generator is turned on.
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Figure 5. (Top) the IDMO1’s gamma-ray spectrum with a mixed radiation source collected for 28123
seconds. (Bottom) the IDMO1’s absolute full energy peak efficiency at the endcap position is plotted with
the 11 discrete data points from the measurements. 11 out of 12 characteristic gamma-rays were used for

this analysis.
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Figure 6. Aluminum spectrum (blue) was collected for 12 hours, and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 7. Copper spectrum (blue) was collected for 12 hours, and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 8. Iron spectrum (blue) was collected for 12 hours, and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 9. Titanium’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 10. Indium’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 11. Nickel’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 12. Sodium Chloride’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison. Sodium does
not yield reaction products with half-lives long enough for activation analysis.
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Figure 13. Vanadium’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison. For the top left
spectrum, the first hour’s spectrum and its corresponding background spectrum are shown to make the 320.08 keV peak visible.
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Figure 14. Zinc’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 17. Niobium’s 12-hour spectrum (blue) and the 12-hour background spectrum (red) is also shown for comparison.
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Figure 18. The determined neutron flux for each generator setting.
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Figure 19. Normalized neutron fluxes for comparison. Simulated neutron fluxes from previous studies
[Alel3, Rem17] using MCNP were compared to the average of normalized neutron fluxes shown in
Figure 18.
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Figure 20. The determined Neutron yields for two generator settings. Neutron yields for the same setting
from two references [Alel3, Rem17] are also shown for comparison.
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Figure 21. Empirical formulae (Equation ((7) and ((8)) to estimate neutron yields are plotted as functions
of current and high voltage. For the plots of Alexa and Uhlat (2013), the duty factor of 1.0 was used. The
Neutron yields determined in this study are also shown for comparison.
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Figure 22. A BC400 plastic scintillator was used as an independent neutron flux monitor.
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Figure 23. BC400 neutron spectrum. The cyan neutron spectrum was measured for 6 hours continuously
while the generator was turned on and an Aluminum foil was being irradiated. The background spectrum
(labeled “NG off”) was collected for 6 hours while the neutron generator was turned off. It is very
important to understand that old energy calibration parameters were used by default so that the energy
scale in this figure is not correct. Also, energy calibration was typically done using gamma-ray peaks
(keV electron equivalent or keVee) so that the energies in this figure are simply used to indicate the
position of the nROI window. Total counts inside the nROI (from 1132 to 1248 keVee in this figure or
raw channels from 2651 to 2921) could be useful to monitor neutron flux since the counts within this
region are less sensitive to any induced gamma-rays by 14.1 MeV neutrons as suggested by Mitra and
Wielopolski [Mit08].
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Figure 24. A time series of BC400 nROI hourly count rates. Irradiations under the high-yield and the low-
yield settings were conducted over a two-month period. A 65-hour continuous operation of the same
generator under the low-yield setting was performed after all irradiations were completed. The average
count rates for two settings were 1.36x10° nROI counts/hour and 1.34x10* nROI counts/hour,
respectively. There was noticeable decreases in the hourly count rates for the high-yield setting, and the
standard deviation was found to be 10.6% of the average count rate. For the low-yield setting, the
standard deviation was about 8.5% of the average.
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Figure 25. SWENDI-2 SETUP IN THE PINS LAB.
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Figure 26. A plot of SWENDI-2 dose rate readings as a function of the MP320’s voltage and current
settings.
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